Objective: To assess the cerebral and vascular development in fetuses with hypoplastic left heart syndrome (HLHS).
| INTRODUCTION
Neurodevelopmental abnormalities (low motor scores, low IQ scores) are common in children with HLHS. 1 Improved survival following surgery has uncovered abnormalities in neurodevelopmental outcomes that manifest in late infancy and early childhood. Although initially thought to be secondary to postnatal and perioperative insult, neuroradiological studies have shown abnormal cerebral structure in utero in association with delayed brain growth in neonates with HLHS. [2] [3] [4] [5] [6] Studies have also detected cranial ultrasound abnormalities (cerebral edema, ventriculomegaly) 7 and MRI abnormalities 8 in infants with HLHS prior to cardiac surgery. Neonates with HLHS have been reported to have smaller head circumference emphasizing that prenatal factors may contribute to the cerebral growth impairment in HLHS. 9 In fetuses with aortic atresia, brain perfusion is dependent on retrograde flow via the ductus arteriosus ( Figure 1 ). Fetuses with severe HLHS (aortic atresia) have little or no antegrade blood flow in the aorta that supplies the head vessels, which limits fetal cerebral blood perfusion. Blood flow is a critical stimulus for vasculogenesis and
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induces angiogenic factors such as vascular endothelial growth factor (VEGF), to promote the formation of new blood vessels through stem cell recruitment and differentiation. The effect of reduced cerebral blood flow during fetal life on cerebrovascular development, in HLHS is not known. The aim of our study was to assess cerebral and vascular growth in fetuses with HLHS compared with normal controls.
While structural brain abnormalities and abnormalities in neurodevelopment have been reported in HLHS, our study describes abnormal vascular development that may account for abnormal neuronal and white matter differentiation in the developing fetus with HLHS. 
| METHODS

| Statistical analysis
Echocardiographic data obtained from HLHS fetuses was analyzed by converting measurements into z scores using published normative data from a large population of healthy fetuses. What is known about this topic?
• Structural brain abnormalities and abnormalities in neurodevelopment have been reported in HLHS.
What does this study add?
• Our study describes abnormal vascular development that may account for abnormal neuronal and white matter differentiation in the developing fetus with HLHS. 
| DISCUSSION
A high proportion of neonates born with complex congenital heart diseases have neurodevelopmental problems prior to surgery raising concern about in utero cerebral injury. [12] [13] [14] In our study, structural brain abnormalities were seen predominantly in moderate rather than severe HLHS suggesting that the neuronal and vascular maturation abnormalities seen on histopathology in severe HLHS in our study were independent of the structural brain abnormalities.
The hypothesis is that in utero hypoxia or altered cerebrovascular, hemodynamics leads to delayed brain growth and maturation. [15] [16] [17] [18] [19] This is a particular concern in HLHS fetuses in whom cerebral blood flow and oxygen delivery is often via retrograde flow through the ductus arteriosus due to aortic stenosis or atresia. Fetal auto The potential mechanism of this impaired autoregulation has not been well studied. We therefore explored fetal brain and vascular pathology to understand the pathogenesis of this dysregulation. In our study, brain capillaries were significantly larger in HLHS vs controls, but the capillary density was reduced in the germinal matrix and the cortical layers of HLHS, and VEGF, a key angiogenic factor necessary for new vessel growth, was not increased. Failure to upregulate VEGF in HLHS as well as in other cyanotic CHD has been reported by us previously 26, 27 ; however, the vascular abnormalities identified by us provide a potential mechanism for the inability of the fetal brain in HLHS to activate compensatory pathways of hypoxia and ischemia. This was further reflected in reduced expression of CD133, an early stem cell marker regulated by hypoxia and mitochondrial dysfunction, 28 in the brains of HLHS fetuses. Whether the failure to upregulate hypoxic and angiogenic response in fetal brains is a feature of fetal immaturity or is secondary to an intrinsic or genetic impairment [29] [30] [31] [32] in these pathways remains to be explored.
An important finding was that vascular changes in HLHS fetal
brains were associated with markers of impaired neuronal differentiation as seen by reduced FGFR1 expression, as well as reduced oligodendrocyte progenitors, which are important for myelination. This may explain in part the susceptibility to white matter injury observed in HLHS infants undergoing cardiac surgery and highlights the need for neuroprotective strategies especially in those with severe HLHS.
| CONCLUSION
Despite the small sample size, our study uncovers novel findings that may explain the mechanism of failed cerebrovascular autoregulation in fetal HLHS and its impact on grey and white matter development that starts prenatally. Further studies are needed to determine whether early fetal intervention to augment antegrade aortic blood flow can improve vascular development and cerebral growth.
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